A brush-like block copolymer of poly(acrylic acid)-block-poly(oligo(ethylene glycol)methyl ether acrylate) (PAA-b-POEGA) was synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization, and its dispersing ability as polymeric dispersant for graphene oxide (GO) sheets in aqueous suspensions was studied in comparison with a traditional random copolymer having similar chemical units. The graphene oxide aqueous suspensions remained stable at a GO concentration as high as 100 g L À1 for more than 7 days with the assistance of the prepared brush-like block copolymer, which could not be fulfilled by the random copolymer control group as dispersant. Measurements on polymer adsorption, zeta potential, shear viscosity, particle size analysis, and by small angle X-ray diffraction and scanning electron microscope were carried out to characterize the improved dispersing ability of the brush-like block copolymer for GO aqueous suspensions.
Introduction
Graphene, a two-dimensional sheet of single atomic thick layer of hexagonally arranged carbon atoms, 1,2 has attracted signi-cant interest due to its extraordinary physical properties which make it an ideal candidate for a wide range of applications, such as actuators, 3, 4 super capacitors, 5 hydrogen storage, 6 nanocomposites. 7, 8 Graphene oxide (GO), which is obtained via the oxidative exfoliation of natural graphite, can be used as a solution-processable precursor for the bulk production of graphene. 9 Although the dispersion of GO in aqueous solution is easier than graphene due to its hydrophilic surface groups, the aggregation of GO caused by van der Waals interactions may still restrict its applications. 10 Several stabilizers, such as surfactants, 11, 12 polymeric dispersants, [13] [14] [15] [16] [17] and aromatic or p-p stacking molecules, 18 can be applied to prevent the aggregation of GO sheets. Among the above methods, polymeric dispersants are considered as the most effective approach to prepare the highly stable graphene aqueous suspensions. In recent years, block copolymers are found to have good dispersing abilities for GO in aqueous suspensions. Yan et al. 19 employed the pluronictype block copolymers to get stable GO aqueous suspensions. Hyang et al. 20 synthesized an amphiphilic uorinated block copolymer via reversible addition-fragmentation chain transfer (RAFT) polymerization for the aqueous dispersion of GO. The amphiphilic uorinated block copolymer can effectively prevent aggregation of GO over a period of 7 days at a GO concentration of 50 g L À1 . Perumal et al. 21 used a linear amphiphilic copolymer of poly(4-vinyl pyridine)-block-poly(ethylene oxide) (PVP-b-PEO) to get stable aqueous and ethanolic GO dispersions, and the prepared polymer dispersant was able to prevent the aggregation of GO in aqueous suspensions for a long period of 3 months. Those studies suggest that block copolymers possess promising potential for a remarkable improvement of the stability of GO aqueous suspensions.
In this paper, a brush-like block copolymer, which has a "handle" made of polycarboxylate and a "brush-head" made of homo-polyoxyethylene, was synthesized via RAFT polymerization. Its chemical structure and polymer architecture are shown in Fig. 1a and b. The brush-like block copolymer was rst applied as a dispersant to get stable GO aqueous suspensions. For the purpose of comparison, the dispersing performance of a commercial random copolymer polymer comprised of similar chemical units was also examined for the aqueous dispersion of GO.
Experimental

Materials
Oligo(ethylene glycol)methyl ether acrylate (OEGA, numberaverage molecular weight, M n ¼ 480 g mol À1 ), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA) and 4,4 0 -azobis(4-cyanovaleric acid) (ACVA) were purchased from Aldrich. NaHCO 3 , acrylic acid (AA), acetic acid and sodium acetate were purchased from Shanghai Chemical Reagent Co. Ltd. Exfoliated GO platelets (purity > 99%, single layer ratio of 99%, and average aspect ratio of 1600) were purchased from Nanjing XFnano (China) and used as received. The comparative random copolymer sample was purchased from Sobute Material Co. Ltd as the control, and was analyzed by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy and aqueous size exclusion chromatography. The 1 H NMR spectrum and molecular weight characteristics are given in Fig. 3 and Table 1 respectively.
Synthesis of PAA-b-POEGA brush-like block copolymer
The PAA-b-POEGA brush-like block copolymer was preparation via RAFT polymerization following a similar protocol as described in our previous work. 22 In a typical experiment, the procedure was as follows. OEGA was added to 1 mol L À1 acetate buffer containing CPA and ACVA; the molar ratio among OEGA, CPA and ACVA was 50 : 1 : 0.1, and the concentration of OEGA was 15% in weight. The solution was then purged with nitrogen for 30 min prior to the reaction. Polymerization was carried out under stirring at 70 C maintained by a thermostat oil bath for 10 h, and was quenched by immersion of the ask in ice water. The solution was then dialyzed against water, followed by reduced pressure distillation and freeze drying to obtain the intermediate product, which was called POEGA-RAFT. Next, POEGA-RAFT, AA and ACVA were added into 0.01 mol L
À1
NaHCO 3 aqueous solution with the molar ratio among AA, POEGA-RAFT and ACVA as 60 : 1 : 0.1 and a POEGA-RAFT concentration of 15% in weight. The solution was deoxygenate with nitrogen for 30 min, and was placed in a thermostated oil bath at 70 C under stirring. Aer 8 h, the polymerization was quenched by immersion of the ask in ice water. The mixture was dialyzed against water followed by freeze drying to obtain the nal brush-like block copolymer product (as seen in Fig. 1c ). Its 1 H NMR spectrum and molecular weight characteristics are given in Fig. 2 and Table 1 , respectively, in comparison with the results for the random copolymer control sample.
Characterization
2.3.1 Zeta potential and size distribution of GO sheets. Zeta potential of GO aqueous suspensions was tested in 0.01 mol L À1 KCl solution as background. GO aqueous suspension with concentration 0.1 g L À1 was prepared by adding 1 part of GO powders into 10 000 parts of 0.01 mol L À1 KCl solution, and the suspension was placed under ultrasound for 15 minutes. The polymeric dispersant was added with concentration ranging from 0.5 to 16 mg L À1 . Zeta potential of GO suspension was determined at 20 AE 2 C using a colloidal dynamics electroacoustic-based Zeta Probe analyzer (USA). The same method of sample preparation was applied to the size distribution characterization. Dynamic light scattering (DLS) was used to determine the size distributions of GO sheets using a photon correlation spectrometer (Brookhaven BI-200SM, US).
Adsorption measurements.
The amount of polymer adsorbed was determined by means of a total organic carbon (TOC) analyzer, Multi N/C3100 (Analytik Jena AG, Germany). Sample preparation was the same as that described in Section 2.3.1. The aqueous phase was separated by centrifuging at 13 000 rpm for 10 minutes by a centrifuge. The supernatant was immediately decanted and dilute with deionized water for TOC analysis. Difference in the concentration before and aer the incubation with GO was assumed to correlate directly with the amount of polymer adsorption.
2.3.3 Rheology and stability of GO aqueous suspensions. GO aqueous suspensions with concentration of 100 g L À1 were prepared by adding 10 part of GO powders into 90 parts of ultrapure water. Polymeric dispersant with amount equal to 1.5 wt% of GO powders was added to the suspensions. The suspensions were then placed under ultrasound for 15 minutes. Viscosity of the suspensions was measured immediately using a NX-11 type rotary viscosimeter (China) equipped with coaxial cylinder in controlled shear rate mode at 20 C. For the stability test, the suspensions were placed in little glass bottles on a stable table for 30 days, and photographs were taken in 1, 3 and 7 days to evaluate the stability of the GO aqueous suspensions visually. 2.3.4 SEM and XRD measurements. GO aqueous suspensions (prepared as described in Section 2.3.1) with and without polymer dispersants were dried via freeze-drying to obtain the black powders. Then, scanning electron microscopy (SEM, FEI Quanta 250, USA) and X-ray diffraction (XRD, Brookhaven D8 ADVANCE, USA) measurements were conducted to characterize the surface morphology and the interlayer spacing of the GO sheets.
Results and discussion
Polymer adsorption and zeta potential
Adsorption of polymer molecules onto the surface of GO sheets is believed to be key for the dispersing abilities of polymeric dispersants. Therefore, let's focus on the adsorption data rst. Fig. 3a shows the amount of polymer adsorption as a function of the concentration of the added dispersants. It can be seen that, for both the brush-like block copolymer sample and the random copolymer control sample, the increase in the amount of adsorption with polymer concentration was more signicant for low concentrations, and then gradually reached a plateau indicating surface saturation, when the solution concentration of the polymers was further increased, resembling a typical Langmuir-type adsorption isotherm. The difference in the saturated amount of adsorption also indicates a difference in the adsorbed conformations and the surface occupation area. At the same polymer concentration, the brush-like block copolymer had a larger amount of adsorption, which is probably due to a minimal steric hindrance caused by the neutral side chains and a higher charge density (more concentrated charges) along the "handle" block of the brush-like block copolymer than that of the random copolymer. In an aqueous salt solution, the surface of GO is negative charged with an electric double layer formed on the surface of GO. The charged polymers are adsorbed onto the surface of GO due to the electric double layer as well as entropic effects. For the brush-like block copolymer, the carboxyl groups in the brush-like copolymer are more exposed and have less shielding effects from the OEGA branches, whereas for the control sample, the carboxyl groups are sheltered by the polyoxyethylene chains, and polymer entropy prevents the approaching of the carboxyl groups along the polymer backbone to the surface of GO sheets. Thus, the brush-like block copolymer shows more adsorption. GO suspensions with different content of dispersant have different values of zeta potential. Fig. 3b presents the zetapotentials as a function of the concentration of added dispersant. The addition of polymers led to a decrease in the zeta potential, and with the increase of polymer concentration, the zeta-potentials became more negative for both systems and eventually reached their respective plateau values. It is seen that the brush-like block copolymer led to a more negative zeta potential of the surfaces of GO sheets than the random copolymer control, which may be expected from the higher adsorption amount (see Fig. 3a ) of the brush-like block copolymer. Fig. 3c presents the zeta-potentials vs. the amount of polymer adsorption. It is seen that the zeta potential decreased nearly linearly with the amount of polymer adsorption. It is also interesting that the results for both types of polymers had no obvious difference in their correlation between zeta potential and the adsorbed amount. Fig. 3c gives evidence that zeta potential may be used to assess the amount of polymer adsorption on the surfaces of GO sheets.
Particle size analysis
The stability of GO suspensions relates closely to the particle sizes and the size distribution of the GO sheets. If no dispersant was added, the GO sheets intended to gather together to form larger aggregates. With the addition of dispersants, such aggregation processes could be prevented to some extent. As shown in Fig. 4a and b, the particle size distribution is narrowed towards smaller particle sizes with the addition of both types of polymeric dispersants. At the same polymer concentration, the brush-like block copolymers could prevent the aggregation more effective than the random copolymer control, as suggested by Fig. 4c , where the average particle size is shown as a function of added polymer concentration. When adding brush-like block copolymer as dispersant, the average size of GO sheets decreased from 8.5 mm to 5.8 mm at a polymer concentration of 0.5 mg L À1 , and by increasing the polymer concentration, the average size of GO sheets decreased furthered to about 4.2 mm at a polymer concentration of 2.0 mg L
À1
. The random polymer showed a similar effect, but the average size of GO sheets with random polymer as dispersant was larger than that with brushlike polymer as dispersant at the same polymer concentration. Fig. 4d shows the average particle size versus the amount of polymer adsorption, and it showed that more polymer adsorption correlated with a smaller average particle size, and at the same adsorbed amount, the brush-like block polymer sample resulted in a smaller average particle size, which indicates a better dispersing ability than the random copolymer control. The dispersing ability of polymer dispersant is believed to correlate with the electrostatic interactions and maybe more importantly, the steric hindrance effects introduced by the side chains. The brush-like block polymer and random polymer had no obvious difference in changing the surface zeta-potential of GO sheets (see Fig. 3c ) at the same amount of adsorption, and therefore their difference in dispersing ability is probably caused by a difference in steric hindrance effects. Our interpretation is as follows. The brush-like block polymer provides a stronger steric hindrance because of the relatively larger "brush-head" made of homo-polyoxyethylene and the randomly distributed side chains of the control sample. To validate this hypothesis, Fig. 5 gave the small angle XRD patterns of GO sheets with and without dispersant. GO sheets without adding dispersant had a peak of 2q ¼ 9.7
, corresponding to an interlayer spacing of 0.91 nm. When using the brush-like block polymer and the random polymer control as dispersant, at a similar adsorption amount of 8 mg g À1 , the peak shied to 2q ¼ 6.5 and 7.6 , corresponding to an interlayer spacing of 1.36 nm and 1.15 nm, respectively. This result gave evidence to the stronger steric hindrance effect of the brush-like block polymer than that of the random copolymer, and it is believed that this difference in steric hindrance effect is related to their difference in adsorption conformations, which is then related to their architectures.
Shear viscosity
Rheological data can also be used to assess the quality of dispersion of GO aqueous suspension. Here, the shear viscosity of GO aqueous suspensions with and without dispersant was measured at a concentration of GO suspension as high as 100 g L
À1
.
The dosage of the dispersant was xed at 1.5% of the weight of GO. The shear rate was varied to study the shear-thinning or pseudoplasticity of GO suspensions. As shown in Fig. 6 , the GO suspension without dispersant had a viscosity value as high as 4.6 Pa s at a low shear rate of about 5 s
; with the addition of polymers, the shear viscosity of GO aqueous suspensions decreased to $2.0 and $2.8 Pa s, respectively, for the brush-like block copolymer and the random copolymer as dispersant. With the increase of shear rate, the shear viscosity further decreased, suggesting a shear-thinning behavior. At a high shear rate of about 40 s
, all samples had a similarly low shear viscosity of about 150 mPa s. However, the GO suspension with brush-like block copolymer still had the least viscosity of $110 mPa s as shown by the zoomed-in view in Fig. 6 . Thus, it is fair to conclude that the brush-like block copolymer performs well on decreasing the shear viscosity of GO aqueous suspensions.
Stability of GO aqueous suspensions
To monitor more directly the stability of GO aqueous suspensions, 20 mL of GO aqueous suspension with and without dispersant were stored in little glass bottles, and photographs were taken at 0 time and aer 1 day, 3 days and 7 days to record the extent of precipitation of the suspensions. The results are shown in Fig. 7 . Clearly, the GO particles in aqueous suspension without dispersant precipitated drastically to the bottom within 1 day or so; using the random copolymer as dispersant, the GO aqueous suspension showed obvious precipitation of particles within 3 days; however, with the brush-like block copolymer as dispersant, the GO aqueous suspension stayed homogeneous (at least macroscopically) over 7 days, with almost no apparent change with its initial appearance at time 0. Fig. 8 showed the surface morphology of GO sheets without and with polymer dispersants aer freeze-drying. Without adding any dispersant, GO sheets aggregated into clusters (Fig. 8a) . By adding polymeric dispersant (Fig. 8b and c) , the aggregates of GO sheets were noticeably smaller, and thin-layer structures were observed, which were believed to be helpful for the stability of GO aqueous suspensions. Moreover, it seemed that such thin-layer structure were more abundant in Fig. 8c when the brush-like block copolymer was used as the polymeric dispersant, also suggesting a better dispersing ability than the random copolymer sample.
Conclusions
PAA-b-POEGA brush-like block copolymer was synthesized via RAFT polymerization, and its dispersing ability for GO sheets in aqueous suspensions were examined using a commercial random copolymer with similar chemical units as the control group. The brush-like block copolymer could adsorb onto the surface of GO, and the amount of polymer adsorption correlated well with the decrease in the zeta potential of the GO sheets. The brush-like block copolymer was found to have effective dispersing ability for GO sheets in aqueous suspensions. Using the brush-like block copolymer as dispersant, GO sheets possessed smaller average particle size, narrower size distribution and lower shear viscosity than the control groups. The GO aqueous suspensions were stable at a GO concentration as high as 100 g L À1 for 7 days using the brush-like block copolymer as dispersant, which cannot be accomplished by using traditional random copolymer as dispersant at the same added amount.
